Reported selective chemical modifications removing activity
Thiols. Yeast hexokinase possesses four reduced cysteines per monomer and no disulphides (Lazarus et al., 1968) . Several types of thiol modification have been shown to remove all activity from the enzyme. The most direct evidence for the role of a cysteine residue has come from affinity alkylation by 2-( ~-bromoacety~-~-ga~actosamine, which in appropriate conditions can form a reversible complex with the enzyme and then alkylate one thiol group to remove irreversibly all activity (Otieno et al., 1975 . By the use of this and of other thiol reagents, the four cysteines can be differentiated as I, I1 and (111 +IV), as follows. Thiol I is freely accessible in hexokinase B to polar reagents above a transition temperature of 3 1 OC (at pH 8), but very poorly accessible below it, where the protein structure in that region is much tighter. Thiol I is the site of the affinity alkylation, and in fact any modification at thiol I removes all activity, even that by the small, uncharged -CN group. Thiol I is close to the sugar binding site in the tertiary structure, from the affinity alkylation data cited, and from the evidence that the binding of glucose ligands is abolished by the -CN or other substitutions there . Likewise, thiol reaction with another affinity alkylating reagent, an epoxide derivative of glucose (Bessell et al.. 1973; Bessell, 1973) supports that steric relationship.
Thiol 11 becomes reactive when thiol I has been alkylated. It (unlike thiol I) is not protected from alkylation by the binding of either sugar or nucleotide substrates, and can, by an appropriate strategy, be blocked without activity loss, and hence is definitely non-essential . Thiols 111 and IV are inaccessible to polar reagents even at 35OC and are nonessential.
Serine. A unique serine hydroxyl becomes phosphorylated in hexokinase A or B, in the slow self-inactivation which occurs with ATP and pentose analogues of the sugar substrate (DelaFuente et al., 1970 : Menezes & Pudles. 1977 . The phosphorylated serine. isolated in a nonapeptide from hexokinase A by T. Inagami and identified by T. A. Steitz and 209 colleagues, is at position 138 in hexokinase B (Anderson et al., 1978b). However, this autophosphorylation is aberrant in the catalysis and absent with true substrates, and this, and the position of the hydroxyl group of Ser-138 in the structure (Bennett & Steitz, 1980) , lead to the conclusion that it is not a catalytic group.
Other functional groups. Carboxyl groups are of particular interest, since in the structure a side-chain identified tentatively by crystallographic evidence as that of an Asp-189 residue is positioned near the sugar 6-hydroxy position (Anderson et al., 1978~) . This has been suggested to act as a general base in the catalytic transfer, to promote the attack of the 6-hydroxy group on the y-phosphate of ATP. Chemical evidence has been claimed for an active site glutamic acid: Pho et al. (1977) bound hexokinase A irreversibly to nitrotyrosyl ethyl ester, via reaction with a water-soluble carbodi-imide at pH 6, and found that one mol per subunit appeared bound near 100% inactivation. The carbodi-imide alone gave only a small effect. Enzymic digestion of the product released some glutamylnitrotyrosine.
An arginine sidechain has also been suggested as interacting with the ATP y-phosphoryl group, on the basis of the substrate-protectable uptake of one mol of [14C]phenylglyoxal per monomer (Philips et al., 1979) . However, different results were obtained by Borders et al. (1978) , with phenylglyoxal or butanediol, with 4.2 arginines modified per subunit at inactivation, and protection by glucose but not by Mg-ATP. No arginine (or lysine) side-chain has been discerned in the region of binding of the nucleotide phosphate groups in the crystal structure (Shoham & Steitz, 1980) : rather, they have been deduced to interact with two serine hydroxy groups and perhaps a peptide -NH group.
Modification of histidines has been deduced to rule them out of an active centre role (Grouselle et al., 1973) , and likewise no evidence could be found for lysine there (Rossi et al., 1975) . Reactions with the accessible tyrosine sidechains of hexokinase A by each of several reagents removes only a part of the enzymic activity (Grouselle & Pudles, 1977; Coffe & Pudles, 1977) so that no accessible tyrosyl group is essential.
Identification of individual thiols in hexokinase B
Thiol I was specifically labelled by a method using 114C]iodoacetate. Reaction with unlabelled iodoacetate (2mM) in the presence of a saturating concentration ( 5 m~) of the substrate mannose, followed by removal of reagents leaves fully active, trialkylated hexokinase. This was reacted with [14C1iodoacetate ( 2 m~; 2Ci/mmol) to 95% inactivation, giving uptake of about 1 mol per subunit, all at cysteine. [Other details were as in expt. (v) of Table I1 of Otieno et al. (1977) l. A labelled peptide was separated from a peptic digest of this singly-labelled product (Table 1) ; it is seen that the specifically labelled cysteine in this peptide corresponds to Cys-243, identified from the crystallographic evidence on the sequence by Anderson et al. (19786) .
No other cysteine in the deduced partial sequence of Steitz and co-workers corresponds to this peptide. We are in the process of determining the amino acid sequence of hexokinase B by a combination of mass spectrometric (Morris & Dell, 1975) , spinning-cup automated and manual sequencing techniques; in the course of this work, we have isolated another cysteinecontaining peptide, which is not that at thiol I, but which does correspond to the region around Cys-372 of the model of Anderson et al. (19786) (Table 1) .
By cyanylation of the 'apparently essential' cysteine and specific intramolecular chain cleavage at that position, it was possible to separate two polypeptides; the larger of these was the N-terminal segment, and had an apparent mol.wt. as assessed by dodecyl sulphate/polyacrylamide-gel electrophoresis of roughly BIOCHEMICAL SOCIETY TRANSACTIONS Table 1 . Cysteine-containing amino acid sequences in comparison to predicted sequences in hexokinase B The 'chemical sequences' were obtained from enzymic digests and dansyl-Edman and mass spectrometric (Moms & Dell, 1975) sequencing, each being obtained independently from at least twice in different peptides. The 'predicted sequences' are those of Anderson et al. (1978b) , derived from interpretation of the electron density map (in which the residues 'Eps', 'Gam' and 'Del' were not fully identified). The Cys in peptide (a) is that of 'Thiol I' (see the text). 40000 . (The smaller C-terminal fragment produced would migrate in a region of non-linear behaviour in the gel system used for intact hexokinase, so its size was poorly estimated.) Cleavage at Cys-243 would, in fact, produce an N-terminal segment of about 30000mol.wt. We must conclude that the error in estimating molecular weight by dodecyl sulphate/polyacrylamide-gel electrophoresis in the case of a polypeptide fragment of the protein was considerable in this case and that it appeared larger than it is. Nevertheless, the cleavage data placed the cysteine concerned in the C-terminal half of the protein, and the sequence data ( Schmidt & Colowick, 1973) ). The chemical evidence (Otieno ef al., 1975 (Otieno ef al., , 1977 on Cys-243 is compatible with the position of this residue (Anderson et al., 1978c) in the structure. It was termed 'essential' in the sense that any modification of this group alone completely abolished hexokinase activity, but the conclusion was also made clear that this cysteine is not in the substrate-binding site but is 'near enough in the structure to the glucose-binding site for the alkylating chain attached to C-2 of the bound sugar to attack it' (Otieno et al., 1975) . It was also emphasized that this residue is only at the surface after a local unfolding of the protein, with transition temperature 3 1 OC, although, of course, the enzyme is fully active both above and below that temperature. Hence, the reactivity data fit very well with the model of Anderson et a1 (1978c) , in which the amides of three asparagines are hydrogen-bonded to the Cys-243 sulphur, and also to sugar hydroxy groups of the bound substrate, i.e. these form part of the sugar-binding site. C ys-243 could, therefore, become alkylated by a suitable side-chain on a sugar at this binding site, when the bonding system is thermally loosened, and this must destroy that site. The requirement for galactose rather than glucose in the effective affinity reagent (Otieno et al., 1975 ) is likely to be linked to the weak competitive inhibition of hexokinase activity by the analogue, N-acetyl-2-galactosamine (Otieno et al., 1979 , and the failure of galactosamine, but not glucosamine, to act as a substrate. Those observations lead us to suggest that the affinity label (bromoacetyl-2-galactosamine) binds at the sugar site differently to glucose and does not trigger the large conformational change (Bennett & Steitz, 1978) needed for activity. This proposal finds support in the parallel case of another sugar with a bulky substituent at the C-2 position, o-toluoylglucosamine, which is a competitive inhibitor and not a Fersht & Sperling (1973) l. The reaction mixture at p H 6 contained pure hexokinase B (5 mg/ml), the carbodi-imide (0.06 M) and [14Cl-semicarbazide (0.0 15 M; 0.2 Ci/mol). After incubation for the periods shown at room temperature, samples were either assayed for hexokinase activity (expressed as a percentage of the initial value) or freed of reagents in 0.001 M-HCI and analysed for. radioactivity irreversibly incorporated and protein content (expressed as mol of the 51000-mol. wt. monomer). 'Preblocked' means that the enzyme was pre-reacted in the same conditions, but using unlabelled semicarbazide, with 0.025 Mmannose and 0.0025 M-Mg-ADP present to protect the active centre. ARer removal of all reagents the fully active enzyme was reacted as in the main experiment. 
Re-investigation of inactivating reaction at a carboxyl group
The evidence of Pho et al. (1977) from carbodi-hide coupling to a glutamyl side-chain for an essential carboxyl, reviewed above, was recently investigated by us with a view to fitting this group to the chemical amino acid sequence. Labelling by such coupling was accomplished in a similar manner ( Table  2 ). The observation of Pho et al. (1977) that reaction of a mean of about 1.5 carboxyl groups per molecule had occurred around the point of 9096 inactivation was confirmed, but, in contrast to their study, longer reaction times were investigated and no reduction in the rate of incorporation at protein carboxyl groups occurred, but rather an increase (Table 2 ). It required reaction at two carboxyl groups per molecule to obtain 100% loss of activity. This suggested that several carboxyl groups may be reacting from the start, with each reaction inactivating.
Pho et al. (1977) also found that a sugar and a nucleotide substrate together partly protected, but not the nucleotide alone. 593rd MEETING, SOUTHAMPTON Using 0.025 M-mannose and 0.0025 M-Mg-ADP, which they found gave 4096 protection, we have found that one carboxyl group less is modified ( Table 2 ). The limited protection from inactivation associated with this supports the multiple-hit interpretation. Positions of labelling were studied on hexokinase inactivated as in Table 2 (in the absence of substrates) to the extent of 85%, having of the order of one "C-labelled group incorporated per monomer. The product was isolated, reduced and S-carboxymethylated in 6 ~-guanidine/o.f M-Tris, pH 8.5, and subsequently cleaved fully by cyanogen bromide. The peptides produced were separated by size on a Bio-Gel P-30 column, but most of the peptides present were found to be labelled. Further separation by high-pressure liquid chromatography confirmed this, so that no single peptide well-labelled above others was present. The results showed that a number of glutamyl and aspartyl side-chains react concomitantly, and that an average of 2 carboxyl groups per monomer, distributed through a variety of positions in different molecules, are modified by this reagent when activity is removed.
Conclusions on active sites in hexokinase
As can be seen from the account above, there is as yet no chemical evidence adequate to identify a catalytic group at the active centre. Reactions thought to be likely candidates for giving such an identification have been excluded. If the dicarboxylic acid residue seen in the crystal model at position 189 has the postulated catalytic role (Anderson et al., 1978c) , then other types of chemical labelling of it may succeed in such an identification in the future. An ionized carboxyl has been deduced to be catalytic, also, from pH-kinetic data (Viola & Cleland, 1978) .
The available evidence, both biochemical and crystallographic, shows that there is one glucose-binding site and one Mg-ATP binding site per monomer. Hexokinase A has been crystallized in the monomeric state as a 1 : 1 glucose-enzyme complex, whose structure has been determined (Bennett & Steitz, 1978 , 1980 , showing a large conformational change in comparison to unliganded hexokinase (compared as the B monomer). This change almost completely encloses a bound glucose molecule by closing a deep cleft; this explains (Bennett & Steitz, 1980 ) the slow dissociation of glucose from the enzyme complex, shown by isotope trapping studies (Rose et al., 1974 ). It has not been Found possible to crystallize hexokinase B (monomer or dimer) as a glucose complex, but in the crystal structure of the dimer the two potential glucose-binding sites are not equivalent, and only one is readily occupied when glucose is diffused into the crystal (Steitz et al., 1977) . This situation may, however, be due to crystal lattice constraints. In solution, glucose binds to hexokinase (A or B) and promotes dissociation of the dimer (Derechin et al., 1972) . By glucose quenching of intrinsic protein fluorescence, the binding of glucose to hexokinase B was shown to fit a model in which one site is occupied in the monomer and two sites (non-co-operatively) in the dimer (Hoggett & Kellett, 1976) . Monomeric (proteolytically-modified) hexokinase B was shown to bind glucose (or glucose 6-phosphate) in solution with a large conformational change, by the decrease in its radius of gyration, corresponding to that predicted from the observed crystal structure difference (McDonald et al., 1979) . The number of sugar-binding sites on the native hexokinase B dimer in solution has been shown in this laboratory to be two per molecule by the equilibrium binding of a competitive glucose derivative at pH 8 (Bhargava et al., 1977) . There is no co-operativity. At high ionic strength ( I = 1 M), where only the monomer exists, one binding site per monomer can be occupied.
The number of nucleotide-binding sites per molecule of active enzyme has been less clear. In the crystal structure of hexokinase B dimer, one ATP or ADP per dimer binds to an inter-subunit site when glucose is present, while otherwise two AMP molecules can bind elsewhere, one to each subunit (Steitz et al., 1977) . The latter binding also is seen in the monomer (modified) form of hexokinase B (Shoham & Steitz, 1980) . Both the monomer and the dimer are enzymically active in solution (Derechin et al., 1972 (Derechin et al., , 1977 Yip & Rudolph, 1977) .
The inter-subunit nucleotide site has been suggested as a possible site which determines the regulation of hexokinase by ATP or certain anions (Peters & Neet, 1977; Steitz et al., 1977) . The apparent regulatory properties of hexokinase B (seen at pH less than 7), include negative co-operativity with ATP as substrate, hysteresis in the kinetics, and activation by citrate or by increase in pH (Peters & Neet, 1977) . However, our view of these has been transformed by the demonstration by Womack & Colowick (1979) that regulatory effects disappear when All+ is removed from the ATP substrate: this contaminant chelates very strongly to ATP, affecting the reaction, and is removed by citrate. Further, in solution, using Cr-I'HIATP (cf. Danenberg & Cleland, 1975) as the ligand in the presence of glucose, dimeric hexokinase B has been found to bind two ATP molecules per molecule, at the active sites (Bhargava et a[.,   1977) . Monomeric hexokinase B (at high I) likewise bound one ATP per molecule. In the equilibrium binding of a Mg-ATP analogue at any pH, no co-operativity is found. Hence, no evidence for an additional ATP-binding site in solution exists so far, nor regulatory properties attributable to such a site.
There are, then, for catalysis one hexose-binding site and one Mg-ATP-binding site per monomer (whether dimerized or not). A further conformational change, after the glucose-binding change, appears to be necessary to bring these close enough for reaction (Shoham & Steitz, 1980) , explaining the co-substate synergism seen. A direct attack of the 6-hydroxy group of the hexose on the pphosphate of ATP must occur, since Blattler & Knowles (1979) have established, by using [y-160,170,*801-ATP, that the reaction proceeds with inversion of configuration at that phosphorus, showing that a direct transfer with in-line geometry must occur.
Labelling of this nucleotide site and sequence data will be needed to provide more details. Affinity reagents based upon ATP seem to offer a promising route to this. An example of those under study is 5'-(p-fluorosulphonylbenzoyl)adenosine, previously used on glutamate dehydrogenase by Pal et al. (1975) . This reagent irreversibly inactivates hexokinase by aflinity sulphonylation (Bhargava et al., 1977) and the site of labelling in the structure will be of interest.
Pyruvate kinase (EC 2.7.1.40) is a key regulatory enzyme found in all cells and tissues during glycolysis. The properties of the enzyme have been reviewed by Boyer (1962) and Kayne (1973) . The regulation of the activity of pyruvate kinase is important in the control of glycolysis, especially in tissues capable of gluconeogenesis, and three major classes of isoenzymes have been identified. The L-type shows a sigmoidal dependence of activity on phosphoenolpyruvate concentration and is inhibited by gluconeogenic amino acids such as alanine. The addition of the activator fructose bisphosphate enhances the affinity for phosphoenolpyruvate. The L-type is also allosterically activated by H+ and inhibited by ATP. In contrast the M-type enzyme does not normally possess allosteric properties, although conditions can be found under which it displays kinetic properties typical of a regulatory enzyme (Phillips & Ainsworth, 1977; Odedra & Palmer, 1980) . The A-type enzyme has properties intermediate to those of the M-and L-type enzymes. For example the A-type enzyme isolated from trout shows an enhanced affinity for phosphoenolpyruvate in the presence of fructose bisphosphate (J. C. Nocton, unpublished work). The available evidence supports the conclusion that all isoenzymes of pyruvate kinase have essentially the same tertiary structure, which can take up one of several closely related conformations. Normally in vivo the M-type isoenzyme is in the fully active conformation, while the exact conformation of the other isoenzymes will depend upon the concentration of substrates and the various allosteric activators and inhibitors.
Crystal structure of cat muscle pyruvate kinase
The crystal structure at a resolution of 0.26nm of the M-type enzyme isolated from cat muscle has been described by Stuart et al. (1979) . The molecule is a tetramer composed of four crystallographically identical subunits each of mol.wt. 60000. The overall subunit shape is approximately elliptical with a circular cross section of 4.5 nm in diameter and an overall length of 7.5nm. Each subunit comprises some 550 amino acid residues and the polypeptide chain is folded onto three distinct domains. Domain A is the largest and contains a cylindrical 8-sheet of eight parallel strands. Adjacent strands are connected by a-helices, running anti-parallel to the strands of sheet which form an outer cylinder coaxial with the first. Between the third strand of 8-sheet and the third helix of domain A the chain folds up into domain B. This domain consists mainly of antiparallel /3-sheet. It forms the part of the subunit furthest from the centre of the tetramer and its structure appears to be somewhat flexible. After completing domain A the chain forms domain C, which contains both a and /3-secondary structure. Thus domain A is at the centre of the subunit and is flanked by B on the outside of the tetramer and C towards the centre of the tetramer. There are two types of close intersubunit contact. In the first, three helices of domain A pack against the equivalent three helices in another subunit. The second is between two C domains.
Muscle pyruvate kinase will form stable binary and ternary complexes with activating cations and substrates. The enzyme requires two bivalent cations, such as Mg2+ or Mn2+, and a monovalent cation, normally K+, per active site (Mildvan et al., 1976) . The results of binding experiments in the crystal have been described by Stammers & Muirhead (1975) and Levine el al. (1978) . The active site lies in the cleft between domains A and B but closer to domain A. Phosphoenolpyruvate binds at the carboxy end of the eight-stranded cylindrical sheet of domain A close to its axis. The binding of the enzyme-bound bivalent cation Mn2+ is pH-dependent with tighter binding above pH 7.0. It binds about 0.25 nm from the phosphoenolpyruvate site. Mn-ATP binds radially perpendicular to the axis of the cylinder with the terminal phosphate overlapping the phosphoenolpyruvate-binding site and the other end of the molecule extending towards three strands 3 and 4 of the 8-sheet. At pH 6 ADP (in the absence of any bivalent cation) binds at a second site in a pocket formed between domains A and C, which is accessible from the surface of the tetramer. It interacts with the amino ends of /%strands of the cylindrical sheet and the carboxy end of a helix in domain C. It is possible that this is an allosteric activator or inhibitor-binding site in the muscle enzyme.
Correlation of amino-acid sequence with the crystal structure
In skeletal-muscle pyruvate kinase the modification of the most reactive thiol group does not lead to loss of activity Flashner et al., 1972; Stammers & Muirhead, 1975) . Similarly on yeast pyruvate kinase the thiol group with highest reactivity is at neither the allosteric nor the active site (Wieker & Hess, 1972) . A 17-residue peptide containing this reactive thiol group has been isolated from the cat muscle enzyme and sequenced
